Paleomagnetic analysis was carried out in the northern Apennines on Eocene to Pliocene Epiligurian units. Five Early Miocene and two Middle Miocene sites yielded dual polarity site-mean directions which show signs of clustering after correction for bedding tilt. These likely primary magnetizations, in conjunction with data from the literature, give an overall mean Late Oligocene-Middle Miocene paleomagnetic pole which shows a large and significant counterclockwise rotation of Ž . Ž 528 "f 88 with respect to the Africa reference paleopoles or a similar amount of rotation with respect to the coeval . Europe reference paleopole . However, this paleopole falls close to the roughly coeval paleopole for Corsica-Sardinia, which is here calculated by averaging data from the literature. Three additional Early Miocene sites from an area west of Parma affected by Pliocene tectonics yielded site-mean directions which pass the fold test and are rotated counterclockwise by a lesser amount than the rest of the Miocene sites. Most of the remaining sites bear paleomagnetic directions acquired after tilting during a recent phase of remagnetization. We suggest that the large-scale rotation observed in the northern Apennines was associated with the motion of the Corsica-Sardinia block within the general context of the Africa-Europe relative motions. A compilation of published data from the central Apennines also shows a differential rotation of the northern relative to the southern Umbria belt which occurred after the motion of Corsica-Sardinia and may have been due to pivoting of the northern Umbria belt against a deep-seated lineament during the non-rotational opening of the Tyrrhenian Sea. q 1998 Elsevier Science B.V.
Introduction
The Apennines consist of an arc-shaped thrustand-fold belt which developed essentially during the carried out paleomagnetic analysis on clastic formations of Eocene to Pliocene age outcropping in the Emilia-Romagna region of the northern Apennines. These results, combined with coeval data from the literature, allow us to constrain better the amount and timing of the rotations in the northern Apennines, and to understand their relationships with the motion of the Corsica-Sardinia block.
Geological setting
The northern Apennines are a stack of northeastvergent thrust sheets. The Ligurian units are structurally on top of the tectonic pile and consist of biogenic and clastic sediments associated with ophiolite suites from the Mesozoic Ligurian ocean. The Ligurian units represent the accretionary wedge resulting from the subduction of the Ligurian ocean below the Corsica-Sardinia block, and were thrust during the Neogene to the northeast onto the Tuscan-Umbria carbonate successions of the Adria pas-Ž . sive continental margin Fig. 1 . Thrusting was accompanied by clastic sedimentation in northeastw x ward-migrating foredeeps 6 . The Tuscan-Umbria units were in turn thrust onto the 'autochthonous' metamorphic complex now exposed in the Apuane w x Alps 7 . Clastics referred to in the literature as Epiligurian units were also deposited in relatively undeformed basins located on top of the advancing Ligurian thrust sheets.
The Epiligurian units, which we sampled at 26 Ž . sites Fig. 1 , consist of Middle Eocene to Pliocene clastic sediments characterized by strong lateral variations in lithology and thickness. These sediments were mainly deposited in deep-water marine environments where tectonic activity often generated slumpings and olistostromes on unstable slopes. The Epiligurian succession can be subdivided into six stratigraphic units, each bounded by unconformities Ž . Fig. 2 ; from bottom to top the units are:
Ž . Ž 1 The Monte Piano Group Middle-Late . Eocene , which directly overlies the Ligurian thrust sheets and is comprised of slope and basinal mudstones with thickness ranging from some tens up to 200 m; this group also contains lenticular siliciclastic Ž .
2 The siliciclastic turbidites of the Ranzano Ž . Group Early Oligocene , which we did not sample, follow on top of or directly overly the Ligurian thrust sheets.
Ž . Ž 3 The Antognola Group Late Oligocene-. Burdigalian , which is comprised of slope and basinal mudstones up to 1000 m thick, locally also containing coarse-grained siliciclastic turbidites. Cherty marls characterize the upper part of the Antognola Group where volcaniclastic layers are also present at places.
Ž . Ž 4 The Bismantova Group Burdigalian-Serra-. valian , which is several hundreds of meters thick, consists of shallow marine, mainly bioclastic sandy limestones at the base, passing upwards to slope mudstones which are followed by basin-plain silici-Ž clastic turbidites up to 1000 m thick e.g., the Vetto . sandstones .
Ž .
5 The muddy sediments of the Termina Forma-Ž . tion Tortonian-?Messinian follow on top but were not sampled.
Ž . 6 Intra-Apennine Pliocene. These sediments, which outcrop mainly in the Bologna area with a thickness of over 1000 m, consist of shallow marine to continental sandstones.
We mainly sampled the Late Oligocene-Middle Miocene Antognola and Bismantova groups, but a few sites were also taken in the Middle-Late Eocene Monte Piano Group, and in the Pliocene Intra-Apen-Ž . nine deposits Fig. 2 . 
Paleomagnetism
Samples were collected with a water-cooled rock drill and oriented with a magnetic compass. An average of ten 2.5-cm-diameter cores were taken per Ž . site. The natural remanent magnetizations NRMs , varying from a minimum of 0.18 mArm at site 5 Ž . Loiano ss. to a maximum of 34.5 mArm at site 12 Ž . Carpineti ss. of Antognola Group , were measured on a 2G cryogenic magnetometer at Lamont or a HSM SQUID-based spinner magnetometer at Aarhus. After pilot AF demagnetization studies at Aarhus, the majority of the standard 11-cm 3 specimens were subjected to progressive thermal demagnetization at Lamont. The initial magnetic susceptibility of each specimen was measured with a Bartington MS2 susceptibility bridge after each thermal demagnetization step to monitor any mineralogical alteration during w x heating. Least-square analysis 8 was applied to determine the component directions of NRM, chosen by inspection of vector end-point demagnetograms w x 9 . Site mean directions were determined with standard Fisher statistics. The ferromagnetic phases were investigated by means of acquisition curves of Ž . isothermal remanent magnetization IRM and thermal unblocking characteristics of orthogonal-axes w x IRM 10 . Fig. 4 . Thermal decay of orthogonal-axes IRM for representative Epiligurian unit samples bearing dominant magnetite, probably coexisting Ž . with subsidiary sulfides or perhaps maghemite a ; some hematite may also be present at site 20 where the maximum unblocking Ž . Ž . temperature is about 6508C b . The inset in a is a representative example of an acquisition curve of IRM where saturation is reached at fields of about 0.5 T. This curve was constructed by imparting a 2.5-T field along the sample yz-axis, and then progressively imparting an IRM along the qz-axis by means of a stepwise antiparallel field up to 2.5 T. This method allows us to obtain information on the coercivity of remanence and saturating field values. Fig. 4 , inset in a . Thermal demagnetization characteristics of orthogonal-axes IRM are consistent with the presence of a dominant low coercivity 5708C maximum unblocking temperature phase interpreted as magnetite, coexisting with subsidiary sulfides or maghemite with moderate coercivity and unblocking temperatures of Ž . 300-3508C Fig. 4a . The red siltstones at site 20 may contain also subsidiary hematite with unblock-Ž . ing temperatures above 6008C Fig. 4b . The dual polarity 'Ch' component from the seven Early and Ž Middle Miocene sites except site 12, which gave anomalously shallow directions, and site 5 of Eocene . age gives site-mean directions which show some improvement in degree of convergence after correc-Ž tion for bedding tilt the precision parameter progres-. Ž sively increases by a factor of 1.9 Fig. 5a ; Table 1 
Comparison with published data from the northern Apennines
Paleomagnetic components of magnetization of supposed primary origin were found elsewhere in the northern Apennines. The Epiligurian-equivalent sediments of the Liguria-Piedmont Tertiary basin located in the Monferrato area at the northwestern edge of the northern Apennines revealed a complex pattern of magnetization, probably reflecting local w x Ž . tectonic rotations 13 Fig. 2 , location A . However, consistently rotated paleomagnetic directions were obtained at ten Late Oligocene sites from two localities outcropping in Epiligurian-equivalent sediments w x Ž a few kilometers to the southeast 5 Fig. 2 
Construction of the Cenozoic Corsica-Sardinia APWP
The main source of data to construct the Corsica-Sardinia APWP comes from the BosanoLogudoro region of northwestern Sardinia where classic sections of Cenozoic volcanics were studied Žw x for paleomagnetism since the end of the 1960s 20 . and references therein . On the basis of preserved stratigraphic relationships, an older volcanic sequence consisting of the 'SA1' andesites and the overlying 'SI1' ignimbrites were recognized in this 1 In this compilation of Corsica-Sardinia data we excluded data w x from the Anglona region of northern Sardinia 15-20 because of the presence of inconsistent directions which were interpreted in terms of either local tectonic rotations or contamination by secular w x variations 15 . Similarly, we also excluded data from the Sarroch volcanics of southern Sardinia because they yielded anomalously w x rotated directions which may suggest local tectonics 37 . Finally, w x data from the Campidano region 38 , as well as the recently w x acquired sites 'D' and 'E' of 15 from Logudoro, were also discarded because of difficult age attribution and questionable age Ž . data ?19.9 Ma , respectively.
Cenozoic APWP for Africa and Europe
The Cenozoic Africa and Europe reference paleopoles are critical to assess the amount of CorsicaSardinia and northern Apennine rotation. Because w x the most recent compilation 26 only contains Paleogene to older mean poles, we adopted the Besse and w x Courtillot 27 version which contains 33 entries for Africa distributed over the entire Cenozoic, whilst the Eurasia APWP remains poorly defined with only 12 entries. We notice, however, that the Eurasia Ž . 10-30 Ma i.e., Oligocene-Miocene mean pole is not significantly different from the coeval Africa Ž . mean pole 818N, 1778E, N s 5 , whose location is also given additional and independent support by the w x Oligocene Africa paleopole of 28 . This coincidence of Oligo-Miocene poles for Africa and Eurasia is not surprising because by that time most of the convergence between Africa and Europe was already attained. Because the Oligocene to younger poles of Africa also seem broadly valid for Europe, we use w x the master APWP of Besse and Courtillot 27 in Ž Africa coordinates which is reinforced by additional . data from North America as the reference curve that we compare with the Oligocene-Miocene of Corsica-Sardinia and the Epiligurian units.
Tectonic rotations of the northern Apennines and Corsica-Sardinia
The Epiligurian paleopole is located at 478N, Ž . 268.58E Table 1 and shows a large and significant Ž . counterclockwise rotation of 528 "f 88 with respect to the 10-30 Ma Africa reference paleopoles. The Late Oligocene-Early Miocene paleopole of Corsica-Sardinia shows a similar amount of rotation Ž . with respect to Africa Fig. 6 . The timing of the Corsica-Sardinia block motion heavily depends on radiometric age data whose reliability can however be questioned because contradictory results were obtained from the same rock unit. At present, it seems viable that most of the motion occurred sometimes Ž between the Burdigalian and the Serravallian i.e., . late Early to late Middle Miocene , in partial agreew x ment with the most recent analysis of 15 . Moreover, it is unclear whether there is also some minor later additional motion because on one hand the ( )Early-Middle Miocene Corsica-Sardinia paleopole seems to be still rotated counterclockwise with re-Ž .Ž . spect to Africa and Europe Fig. 6 , on the other hand the geological evolution of the Balearic basin suggests that this motion should not have continued Ž w x. much after the Middle Miocene e.g., 29 . In any case, the paleomagnetic data from this study and the literature imply a similar amount of rotation for Corsica-Sardinia and the Epiligurian units of the northern Apennines. We suggest that the rotation in the Ligurian units during thrusting onto the Adria margin may be associated with the motion of Corsica-Sardinia in the general context of the relative motions between Africa and Europe during the Neogene. Confirmation of this hypothesis would require constraining the timing of the Corsica-Sardinia block motion, and sampling the end of the rotation in the northern Apennines in Late Miocene and younger sediments. Site 2 of Pliocene age shows directions with no or very small rotation, but it is at present unclear whether they are primary directions or secondary magnetization components. The correspondence between the Epiligurian and Corsica-Sardinia poles could, therefore, also simply be a coincidence, and this should be tested by more extensive study of Late Miocene-Pliocene Epiligurian sediments.
Comparison with data from the literature from the central Apennines
A wealth of paleomagnetic data are available from the Apennines south of the study area, where the Ligurian units are limited or absent on top of the Ž . Mesozoic Adria margin Tuscan-Umbria successions and Cenozoic foredeep sediments. Some of these regions were investigated since the 1970s, like the Mesozoic-Cenozoic Umbria Apennines, while others have been studied in detail only very recently, like the front of the Marche and Romagna Apennine belt in the northeast, or the Tuscan extensional basins in the southwest. We compile or calculate overall mean directions from selected studies from different Ž . regions of the central Apennines Table 3 that we . Ž w x. Ž w x . confidence level of the mean declination see 31 ; N s number of site means a5 uses five overall means 33-35 ; V s angular Ž difference between observed declinations and expected declinations at a common site located at 43.58N, 11.58E 408N, 98E for . w x Ž . Corsica-Sardinia, a9 as deduced from the Africa APWP of 27 y is clockwise, otherwise counterclockwise ; error based on squared root mean of a cones of confidence; V and attached errors are plotted as arrows in Fig. 7. 95 w x a2 and a3: the overall mean directions are calculated from site-mean directions from [33] [34] [35] . At the time the central Apennine front was subject to compression and differential rotation, Tuscany was experiencing non-rotational extensional tectonics with the formation of NW-SE-trending grabens related to the opening of the Tyrrhenian Sea.
Discussion and conclusions
We found a dual-polarity component of magnetization of presumed Miocene age at ten sites comprised of Epiligurian clastic formations outcropping on top of the northern Apennine thrust sheets. This primary component survived a recent remagnetization phase that overprinted eleven of the remaining Ž sixteen sites the last five sites were rejected due to . unstable magnetizations . Seven sites bearing primary directions, in conjunction with data from the literature, yielded a Late Oligocene-Middle Miocene overall mean direction which is significantly rotated counterclockwise with respect to the Africa reference directions by a similar amount as roughly coeval Corsica-Sardinia data.
The northern Apennine Ligurian units, which represent the accretionary wedge deposited in the Mesozoic Ligurian ocean between Corsica-Sardinia Ž . Ž . Europe and Adria Africa , were rotated during andror after the Middle Miocene. This rotation may be associated although not necessarily rigidly coupled with the motion of the Corsica-Sardinia block Ž . which probably occurred during the late EarlyMiddle Miocene. A different history instead characterizes the Adria margin successions of the central Apennines where paleomagnetic data allow us to define a syn-to post-Pliocene differential rotation of the northern relative to the southern Umbria sector along the Sibillini thrust front. This differential rotation apparently occurred in the same time frame as non-rotational extension that is documented along Ž w x. the northern Tyrrhenian margin e.g., 33 . These two episodes, of compression at the chain front and extension internal to the front, occurred after the motion of Corsica-Sardinia and mainly during the Ž opening of the Tyrrhenian Sea. It is likely that post-Corsica-Sardinia rotations occurred also at the northern Apennine front, for example in the Salso-. maggiore unit. Because the northern Tyrrhenian Sea opening is non-rotational, rotation at the Umbria Apennine front must be accounted for by a mechanism that acted only at the thrust front. Recently, Ž . one of us AA suggested that a deep-seated WNW-ESE-trending lineament located in the Adriatic foreland, whose nature is presently under investigation, intersects the Apennine front where the large counw x terclockwise rotations are observed 36 ; the northern Umbria belt may have collided and rotated against this feature, whereas the non-rotated southern Umbria belt, being located far from the lineament, was simply thrust along the N-S-trending OlevanoAntrodoco Line, which is a lateral ramp bounding to the west the Latium-Abruzzi carbonate platform. 
